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APPLICATION'S  AND  POTENTIAL  OF  IIIERMO.MECIIANICAL  TREATMENT 


II.  J.  Henning** 


INTRODUCTION 

Thermomechanical  treatment  ( LMT)  has  been  the 
subject  of  perhaps  more  than  1000  papers  and  reports 
accounting  for  over  a  half-million  pounds,  and  prob¬ 
ably  closer  to  one  million  pounds  of  papers,  data 
sheets,  and  comprehensive  reports.  Several  million 
dollars  have  been  spent  by  industry  and  government 
in  evaluating  the  fundamentals  of  TMT.  Doubtless, 
more  money  will  be  spent  in  the  ’70s.  A  question 
worth  asking  is- -When  are  we  going  to  get  down  to 
the  task  of  applying  these  fundamentals  in  the 
preparation  of  actual  products?  Certainly,  there 
arc  enough  technical  data  available  to  demonstrate 
what  can  be  expected  in  the  way  of  improvements  in 
hardware  performance. 

Take  the  agenda  of  The  Technical  Cooperation 
Program  meeting  on  FM1  as  an  example;  only  one  or 
two  of  the  papers  considered  1MT  practices  in  rela¬ 
tion  to  a  specific  production  or  preproduction  pro¬ 
duct  application.  The  rest  of  the  papers  provided 
only  more  fundamental  background  on  TMT ,  leaving 
the  choice  of  applications  to  the  audience. 

After  conducting  a  reasonably  complete  review 
of  the  literature  on  the  subject,  and  reviewing 
results  of  several  projects  on  TMf  at  Battel le 
Memorial  Institute,  the  author  has  concluded  that 
the  work  on  Dir  in  the  ‘70s  would  be  best  spent  on 
applications,  with  some  diminished  effort  directed 
to  fundamental  aspects. 

The  objective  of  this  memorandum  is  to  present 
an  overview  of  thermomechanical  treatments  as  they 
apply  to  several  metal -base  systems  and  to  point  out 
where  the  FMT  processes  seem  either  practical  or 
impractical  in  their  application  to  production  hard¬ 
ware.  Toward  this  objective,  one  should  recognize 
two  basic  assumptions;  (1)  that  TMT  practices 
offer  means  of  developing  unusually  favorable  mech¬ 
anical  properties  not  obtainable  by  hot-working  and 
heat-treatment  processes  alone,  and  (2)  that  part- 
shape  capability  in  TMT  is  limited  by  roughly  the 
same  criteria  that  limit  the  cold-working  of  metallic 
hardware. 

Consistent  with  Assumption  (1),  significant 
improvements  through  IMF  in  such  properties  as 
tensile  strength,  impact  resistance,  low-cycle 
fatigue,  and  fracture  toughness  arc  reasonably  well 
documented.  Simultaneous  improvements  in  several 
of  these  properties  are  sometimes  observed.  Most 
often,  however,  the  improvements  in  strengtn  proper¬ 
ties  are  obtai  ed  at  some  expense  of  ductility  and 
toughness,  in  any  case,  a  wealth  of  data  is  avail¬ 
able  to  show  how  tiie  properties  are  interrelated 
after  various  Dll  procedures. 


*  Adapted  from  a  talk  given  by  the  author  at  a  meet¬ 
ing  of  Cub-Group  P  on  Materials,  Working  Group  on 
Metals,  of  I he  Technical  Cooperation  Program, 
London,  April,  11*70. 

“Associate  Chief,  Metalwork,  ng  Division,  lint  telle 
Memorial  Institute,  Columbus,  Ohio. 


Assumption  (2)  indirectly  helps  to  identify 
the  kinds  of  shapes  to  which  TMT  can  be  applied. 

For  example,  sheet,  plate,  bar,  rod,  and  reasonably 
simple  cross  sections  like  C's,  T's,  U's,  and  L's 
can  all  be  cold  drawn  or  cold  rolled  to  impart 
special  properties.  These  are  the  same  shapes  that 
can  be  piocessed  by  thermomechanical  treatments. 
Similarly,  some  extruded  shapes  are  also  amenable 
to  TMT.  All  of  these  shapes  are  characterized  by 
deformation  occurring  predominantly  in  one  direction 
along  a  common  axis. 

Cold-working  processes  are  not  icadily  ap¬ 
plied  to  complex  shapes  where  the  metal  has  to  flow 
along  three  axes  at  the  same  time.  For  example, 
certain  types  of  closed-dio  forgings  cannot  be  cold 
worked  without  resorting  to  multiple-step  die  se¬ 
quencing  to  develop  one  direction  of  flow  followed 
by  flow  in  other  directions  in  one  or  more  succeed¬ 
ing  die  stages.  The  same  practical  restrictions  are 
placed  on  TMT.  It  is  very  difficult  to  cold  forge 
a  complex  rib-and-web  part.  It  is  even  more  diffi¬ 
cult  to  apply  TMT  in  this  situation.  Consequently, 
the  benefits  of  TMT  are  obtainable  in  a  variety  of 
part  shapes  commonly  produced  by  cold  finishing 
such  as: 

Rolled  Products --bar,  rod,  flats,  plate, 
sheet 

Extruded  Products--cylindcrs,  tubes,  L's 
T's,  U's 

Forgings--disks,  flats,  rounds,  squares 
cups . 

Those  should  be  considered  as  applications  rather 
than  limitations. 

There  is  a  size  limitation  on  products  that 
can  be  cold  formed;  TMT  places  ar.  even  more  strin¬ 
gent  size  limitation  on  the  same  prolucts.  Time  is 
the  most  important  factor,  because  the  materials 
being  TMT  processed  are  gene. ally  in  a  metastable 
condition--ready  to  undergo  a  favorable  or  unfav¬ 
orable  metallurgical  change.  The  more  stable  the 
material,  the  broader  the  size  range  of  parts  that 
can  he  processed  by  TMT.  The  practical  weight  lim¬ 
itations  indicated  in  Figure  1  for  various  products 
are  considered  as  reali  tic  considering  today's  TMT 
technology.  Larger  parts  that  are  to  he  processed 
by  DIT  require  materials  of  particular  structural 
stability.  It  should  he  noted  that  the  greatest 
weight  capability  shown  in  Figure  1  for  sheet  and 
plate  is  for  carbon-steel  plate  (cross -hatened 
portion  of  bar),  which  is  commonl)  warm  rolled  to 
strengths  substantially  higher  than  those  of  hot- 
rolled  products.  The  other  practical  weight  limit 
for  sheet  and  plate  (clear  portion  of  bar)  is  con¬ 
sidered  realistic  for  alloy  steels. 

nihlDOMICHANlCAl.  FRI  VDILNF  OF  SI’ICIFIC  ULOYS 

Fo  date,  most  investigations  of  DIF  have  been 
concerned  with  the  alloys  listed  in  Table  1.  This 
listing  of  materials  represents  an  approximate 
asc'-nding  order  of  attention  that  was  given  to  the 
respective  IMF  processes  during  the  '(>ns.  An  increa 
ing  percentage  of  more  recent  It  hi*  offer,  on  Dli  is 
being  directed  to  the  nickel-base  alloc  systems. 
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TABLE  1.  MATERIALS  SUBJECTED  TO  EXPERIMENTAL  TMT  DURING  THE  1960 's 


Material 

Description  of  TMT 

Objective 

Remarks 

Carbon  and  low-alloy 
constructional  steels 

Strain  aging  accomplished 
by  warm  finishing 

Higher  strength 

Low-  and  moderate- 
alloy  high-strength 
steels 

Hot-cold  working  or  aus- 
forming 

Higher  strength 

Maraging  steels 

Warm  working  by  controlling 
reductions  at  lower  end  of 
hot-working  temperature 
range- 

Increased  ductility, 
reduced  grain  si  ze 

TMT  controls  both 
grain  size  and 
precipitation 
reactions 

Tool  steels 

Hot-cold  working  and/or 
ausforming 

Improved  toughness 

Bearing  steels 

Hot-cold  working 

Improve  fretting  fatigue 
life  of  bearings 

High-speed  steels 

Hot-cold  working  above  the 
nose  of  the  time-tempera¬ 
ture  transformation  (TTT) 
curve 

Improved  wear  resistance 
and  dimensional  stability 

Nickel-base  super¬ 
alloys 

Controlled  reductions  and 
temperatures  specifically 
to  alter  metallurgical 
structure  and  precipi¬ 
tation  hardening 

Increased  strength,  increased 
resistance  to  low-cycle 
fatigue 

Titanium  alloys 

Working  at  specific  temper¬ 
atures  and  reductions  to 
control  microstructurc 

Optimization  of  mechanical 
properties 

Properties  of  all-beta 
alloys  depend  on  con¬ 
trolled  warm  reduction 

Aluminum  alloys 

Warm  or  cold  TMT  processes 
to  alter  residual  stresses 

Reduce  sensitivity  to  stress 
corrosion 

Iron-base  super¬ 
alloys 

Respond  unfavorably  to 
TMT 

Rod  Sheet  Forward  Cup  Simple  Complex 
Bar  Plate  Extrusions  Extrusions  forging  Forging 


FIGURE  1.  PRACTICAL  WEIGHT  LIMITS  ON  VARIOUS  TMT 
PRODUCTS 


Many  excellent  papers  have  been  prepared  to 
explain  the  details  of  changes  occurr’rj  in  metals 
during  TMT  processing.  In  essence,  the  accepted 
view  is  that  TMT  combines  the  attributes  of  three 
classical  hardening  mcchanisms--work  hardening, 
structural  refinement,  and  metallurgical  transfor¬ 
mation.  These  mechanisms  are  active  to  greater  or 
lesser  degrees  in  each  material.  The  warm  strain 
essentially  hastens  normal  metallurgical  reactions 

Low-Carbon  Steels 


The  low-carbon  steels  are  generally  not  trans¬ 
formable  to  martensite.  The  TMT  processes  are  lim¬ 
ited  to  controlled  warm  rolling  to  produce  strain- 
aging  effects.  Warm  strain  accelerates  precipita¬ 
tion  of  nitrides  and  carbides,  which  strengthen 
the  ferrite  phase.  Thus,  the  steels  arc  simultaneous¬ 
ly  strain  hardened  and  precipitation  hardcned--both 
very  classic  phenomena. 

At  least  three  steel  mills  in  the  United  States 
offer  structural  carbon  steels  finisheJ  witli  proprie¬ 
tary  warm-rolling  practices.  The  steel  plates  are 
often  2S  to  30  percent  stronger  than  their  hot-rolled 
counterparts. 


Aluminum  Alloys 

In  aluminum  alloys,  leSl  or  K>SJ  treatments 
are  used  to  modify  the  strength  and  the  residual - 
stress  system  Ml  the  sense  that  controlled  reduc- 
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tions  are  used  to  develop  special  properties  after 
aging,  these  widely  accepted  practices  could  be 
termed  TMT  processes.  Such  treatments  arc  effective 
in  the  higher  strength  aluminum  alloys  because  they 
are  in  a  metastable  condition  in  the  solution-heat- 
treated  condition--they  age  harden  significantly  at 
room  temperature. 

The  TMT  of  high-strength  aluminum  alloys  pro¬ 
vides  some  minor  strengthening,  but  more  important, 
it  increases  their  resistance  to  stress-corrosion 
cracking. 

Maraging  Steels 

The  metallurgical  reactions  occurring  in  the 
hot  working  of  maraging  steels  are  somewhat  char¬ 
acteristic  of  TMT.  Mostly  because  of  the  high- 
nickel  content,  the  austenite  phase  is  very  slug¬ 
gish  in  its  recrystal lization  reaction  even  during 
deformation  at  temperatures  in  the  vicinity  of 
1700  P.  The  effects  of  prior  strain  are  retained 
even  after  the  normal  solution-hcat-treatmcnt 
cycles  at  1500  and  1600  P.  This  residual  strain 
hardening  has  an  influence  on  the  subsequent  precip¬ 
itation  reactions  occurring  during  aging  and  gen¬ 
erally  results  in  components  having  modest  improve¬ 
ments  in  strength,  ductility  and  impact  resistance 
compared  with  components  that  are  recrystallized 
at  temperatures  above  1900  F  before  solution  heat 
treating  and  aging. 

Titanium  Alloys 

The  classical  alpha-to-beta  structural  rela¬ 
tionships  in  titanium  alloys  can  be  modified  only 
by  varying  the  hot-working  cycles  to  provide  the 
desired  proportions  and  distributions  of  eacli  phase. 
From  the  metallurgical  viewpoint,  the  control  of 
titanium  microstructurc  through  controlled  combina¬ 
tions  of  reduction  and  temperature  represents  a 
TMT  process.  Defined  as  such,  it  is  one  of  the  most 
widely  used  production  applications  of  the  TMT  pro¬ 
cesses. 

The  all-beta  alloys  are  dependent  on  TMT  pro¬ 
cessing  for  final  strength  performance.  Tor  example, 
the  familiar  Ti-13V-llCr-3Al  alloy  is  one  that 
requires  controlled  reductions  it  temperatures  in 
the  vicinity  of  1450  F  before  optimum  properties 
be  obtained  on  subsequent  aging.  Doth  strength 
and  ductility  are  increased  by  this  warm-working 
practice  which  has  a  major  influence  on  the  speed 
and  uniformity  of  the  precipitation  reaction  during 
aging. 

Experience  with  the  titanium  alloys  has  shown 
that  accurate  control  of  both  processing  temperatures 
and  reductions  is  necessary  to  achieve  the  desired 
properties  in  the  final  product.  The  control  is 
similar  to  that  required  in  1MT  processing  of  other 
alloy  systems. 

N'lckel-Uase  Alloys 

Recent  research  and  development  work  with  PH 
has  been  directed  to  the  task  of  obtaining  improve¬ 
ments  in  certain  properties  of  high-strengt;. , 
nickel-base  superalloys;  a  good  example  is  General 


Electric's  program  on  Udimet  700  and  Rene  95.* 
Depending  *>n  the  amount  of  warm  deformation,  for 
example,  the  tensile  strength  of  Udimet  700  at 
1000  F  can  be  increased  from  about  190,000  psi  in 
the  normal  solution-treated-and-aged  (3TA)  cpndition 
to  over  250,000  psi  after  TMT  consistinj  of  con¬ 
trolled  reductions  on  components  that  have  been 
previously  solution  annealed.  The  reductions  are 
generally  performed  at  intermediate  temperatures 
(1550  to  1900  F)  where  some  precipitation  of  car¬ 
bides  normally  occurs.  The  warm  working  accelerates 
the  precipitation  reactions  and  provides  for  a  more 
uniform  distribution  of  carbides  during  aging.  The 
strain  apparently  provides  a  tremendous  increase  in 
the  number  of  sites  available  for  carbide  piecipi- 
tation,  thereby  reducing  carbide  enrichment  at  the 
grain  boundaries.  A  variety  of  TMT  cycles  are  being 
studied.  Most  provide  dramatic  increases  in  room- 
temperature  strengths  of  these  alloys.  This  improved 
strengthening  is  maintained  on  heating  to  tempera¬ 
tures  of  up  to  about  1400  F.  At  temperatures  abc >e 
1400  F,  the  treated  alloys  may  actually  be  weaker 
than  those  that  were  not  given  TMT. 

As  one  might  expect,  the  strain  energy  result¬ 
ing  from  TMT  may  accelerate  elevated-temperature 
metallurgical  reactions;  hence,  reductions  in  creep 
resistance  may  be  encountered  at  temperatures  higher 
than  about  1450  F. 

Two  leading  aircraft -engine  builders  have 
expressed  confidence  that  TMT  will  be  useful  for 
obtaining  substantial  increases  in  design  strengths 
of  Udimet  700  and  Rene  95--espccially  low-cycle 
fatigue  strengths.  In  support  of  this  contention, 
data  reviewed  so  far  by  the  author  certainly  looks 
promising. 

In  all  probability,  the  upper  temperatures 
design  strengths  for  TMT  hardware  will  be  reduced 
slightly  from  those  for  the  normal  STA  products 
because  of  the  decreased  creep  resistance.  However, 
as  applied  to  a  turbine  disk  for  example,  this 
reduction  would  be  significant  only  for  the  outer 
rim--a  relatively  small  proportion  of  the  total 
part.  The  rest  of  the  disk  is  cooler  anyway,  and 
the  application  of  TMT  should  permit  significant 
weight  reductions  in  the  webs  and  hub. 

Potential  higher  strength  materials  for  tur¬ 
bine  disks  provide  part  of  the  incentive  for  concen¬ 
trating  on  IMT.  Nickel-base  superalloys  for  air¬ 
craft-engine  applications  are  one  material  class  for 
which  the  '70s  will  probably  witness  a  substantial 
increase  in  the  application  of  TMT  processes. 

High  Alloy  Steels 

From  the  metallurgical  viewpoint,  it  is  con¬ 
venient  to  consider  tool  steels,  bearing  steels,  and 
high-speed  steels  as  a  group,  because  the  TMT  prac¬ 
tices  for  all  of  them  are  similar,  and  include  the 
following  steps: 


*  Morainal  Compositions 

Co  Cr  Mo  At  Ti  Zr  D  Cb  ly  N'i 

UJimet  15  15  1  1  3  0.04  0.02  —  --  Bal 

700 

Rene  3  IS  1  3.5  2.5  —  0.01  3.5  3.5  bal 
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(1)  Austenitize  at  temperatures  normal  for 
hardening  the  alloy 

(2)  Cool  to  about  1400  to  1450  P 

(3)  Deform,  with  reductions  of  20  percent 
or  more 

(4) -  Quench  in  a  suitable  oil  or  salt 

(5)  Temper  to  the  desired  hardness. 

The  responses  to  TMT  of  the  different  steels  are 
slightly  different  however.  The  carbide-rich  high¬ 
speed  steels  behave  somewhat  like  the  nickel-base 
alloys  in  that  TMT  enhances  the  uniformity  of  car¬ 
bide  precipitation  during  both  deformation  and  tem¬ 
pering,  and  the  end  product  is  harder  than  that 
obtainable  without  TMT.  For  the  tool  steels  and 
bearing  steels,  however,  even  though  the  carbide 
precipitation  occurring  during  deformation  is 
enhanced  by  TMT,  and  provides  for  a  higher  as- 
quenched  hardness,  the  hardness  of  the  TMT-processed 
end  product  is  not  significantly  higher  than  that 
obtainable  by  tempering,  where  secondary  hardness 
peaks  are  normally  observed. 

The  most  promising  prospects  for  IMT  processes 
in  this  group  of  steels  appear  to  fall  into  throe 
areas: 

(1)  Resistance  to  contact  fatigue  is  improved 
substantially  in  the  high-alloy  bearing 
steels 

(2)  The  toughness  or  impact  resistance  of 
hign-speed  steels  increases  somewhat 

(3j  The  hardness  of  some  of  the  medium-car¬ 
bon  tool  steels  can  be  increased  sig¬ 
nificantly. 

TMT  of  special-quality  bearing  races  seems  to  repre¬ 
sent  the  most  promising  application.  Otherwise,  it 
is  doubtful  that  there  will  be  any  significant  use 
of  IMT  toward  improving  these  steels,  partly  because 
the  steels  are  so  hard  and,  hence,  difficult  to  fin¬ 
ish  aftei  TMT. 

It  is  likely  that  the  rapid  growth  of  electro¬ 
slag-melting  processes,  through  improved  cleanli¬ 
ness,  will  offer  a  more  practical  alternative  method 
than  TMT  for  enhancing  the  properties  of  these  steels. 

Alloy  Steels 

By  far  the  most  extensive  research  and  develop¬ 
ment  work  on  TMT  has  been  directed  to  the  broad  group 
of  alloy  steels  containing  modest  levels  of  alloj 
elements  and  carbon  lev.'ls  between  0.30  and  0.50  per¬ 
cent.  Perhaps  10  to  30  grades  fall  within  this  cate¬ 
gory  of  steels.  Most  of  them  are  typified  by  reason¬ 
ably  good  hardenability,  and  usually  have  a  deep  bay 
in  their  tine -temperature  transformation  (TIT)  curves, 
as  typified  by  Figure  2. 

The  IMT  consists  of  either  hot-cold  working 
steels  above  the  "nose”  of  the  m  curve  or  ausform- 
ing  in  the  deep-bay  region.  A  typical  cycle  consists 
of: 

(1)  \u.teni zing  at  normal  hardening  tempera¬ 
tures 

(2(  Luolirt  to  either  the  hot-cold  working  on 
the  ausformine  temperature  range 

(3)  Deforming,  with  reductions  of  20  percent 
or  more 


(4)  Quenching  in  a  suitable  oil  or  molten  salt 

(5)  Tempering  to  the  desired  hardness. 

At  hot-cold  working  temperatures,  the  forming  forces 
are  about  2  to  3  times  those  for  hot  working.  How¬ 
ever,  at  ausforming  temperatures,  the  forming  forces 
are  similar  to  those  for  typical  18Cr-8Ni  stainless 
steels,  or  closer  to  5  times  those  for  hot  working. 


FIGURE  2.  SCHEMATIC  COMPARISON  BETWEEN  HOT-COLD 
WORKING  AND  AUSFORMING  OF  AU.OY  STEELS 

The  U.  S.  company  most  active  in  sr  'ving  IMT 
of  alloy  steels  during  the  '60s  was  the  Krd  Motor 
Company.  Although  several  other  manufacturing  firms 
and  research  centers  have  been  evaluating  TMT,  Ford 
seems  to  have  gone  further  than  most  in  applying  the 
processes  to  actual  hardware.  For  example,  Ford's 
Acroneutronics  Division  has  been  applying  TMT  to  the 
task  of  preparing  dual-hardness  armor  plate  having 
unusually  good  toughness.  Ford's  research  center 
has  been  evaluating  hot-cold  working  as  a  means  of 
producing  lighter  weight  leaf  springs.  Three  sets 
of  truck  springs  are  compared  in  Figure  3,  which 
shows  how  TMr  permits  reductions  in  the  overall  we i gat 
of  the  springs  and  the  number  of  leaves.  The  upper 
assembly  on  each  pair  is  the  standard  (no  TMT)  and 
the  lower  represents  the  spring  assembly  redesigned 
through  TMT  and  requiring  fewer  leaves  to  carry  the 
sane  load.  The  lower  example  show.,  that  only  six 
IMT  processed  leaves  are  required  where  10  were  for¬ 
merly  needed.  Recent  information  from  Ford  indicates 
that  the  IMT  springs  have  definitely  outperformed  the 
standards  in  both  bench  tests  and  field  tests. 

Fatigue  strength  of  the  FMT-processed  springs  was 
more  chan  20  percent  higher  than  that  of  the  stand¬ 
ards.  Although  the  use  of  TMT  for  this  application 
appears  to  be  technically  feasible,  application  of 
IMT  processing  would  require  a  substantial  investment 
in  new  equipment,  and  lord  has  not  yet  begun  to  use 
the  process  for  production. 

IMT  research  at  Battel le  has  included  four 
programs  on  the  IMT  of  alloy  steels--one  for  the  Air 
Force  and  three  for  private  industry.  Similar  to 
ttiat  of  other  TIT  research  programs,  the  objective 
generally  has  been  to  obtain  higher  hardnesses  and 
higher  str< ngth  components.  For  example,  Table  2 
shows  some  result--  from  Battelle  research,  and  com¬ 
pares  tyj  i  -al  ten-ile  properties  for  three  different 


Number  of  Leaves 


Capacity,  Lb 


Weight,  Lb 


FIGURE  3.  COMPARISON  OP  CONVENTIONAL  AND  TMT  LI.AP  SPUING  ASSEMBLIES  Or  SAP.  5150  STLLL  SHOWING 
REDUCTIONS  IN  BOTH  WEIGHT  AND  NUMBER  OP  COMPONENTS 

Lower  spring  ii.  eacli  group  is  designed  for  the  capacity  shown,  using  steel  processed 
by  TMT.  ‘  " 


TABLE  2.  PROPERTY  IMPRC  ’EMENTS  ATTAINABLE  BY 
AUSFORC INC  AND  HOT-COLD  PORGING 


Steel 

Condition 

Ultimate 

Tensile 

Strength, 

ksi 

Yield 

'Hrengfh, 

k-i 

Reduc¬ 
tion  in 
Area, 
percent 

11-1 1 

Conventional 

320 

270 

10 

11-11 

Ausforged  at 
1000  P 

300 

350 

57 

D6AC 

Conventional 

7C3 

255 

13 

DoAC 

Ausforged  at 
1000  r 

300 

335 

■>  i 

4310 

Conventional 

200 

240 

■8 

4340 

Hot-cold 

320 

273 

35 

forged  at 
MOO  ! 


'toe Is  processed  conventionally  with  those  for  the 
sac.-  steels  processed  by  TMT.  While  greatest 
-'trengthening  is  observed  for  the  ausforged  D6ac* 
and  ii- 11"  steels,  the  hot-cold  forged  43**0*  grade 
is  also  strengthened,  by  roughly  10  percent--still 
an  attractive  improvement. 

In  one  of  the  Battel le  progmrs,  the  proces¬ 
sing  and  properties  of  hot-cold  work  cycled  mate¬ 
rial  were  compared  with  those  of  material  that  was 
ausforged  with  the  discovery  that  working  provided 
strengthening  similar  to  tint  from  a  us  forging,  pro¬ 
vided  sufficient  deformation  was  applied.  As  shown 
in  I-igure  1,  a  40  percent  reduction  by  hot -cold 
working  results  in  a  hardness  resj  mse  similar  to 
that  produced  by  a  20  percent  reduction  by  aus- 
forging. 


*  Nominal  Compositions: 


_ C_ 

Mn 

Si 

Cl 

v 

It-!. 

0.40 

0.25 

o.S 

S.U 

- 

1  3 

0.4 

1340 

0.  10 

0.50 

o.3 

it. 7 

1.7 

0.2 

-- 

ouac 

o.  15 

0.60 

0.3 

l.<> 

0.7 

1.0 

0.1 

/ 
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impact  resistance  and  the  greatly  improved  fatigue 
strengths  achievable.  For  example,  the  Battelle 
studies  showed  that  the  fatigue  life  of  forgings 
was  increased  substantially  by  hot  cold  working. 

As  shown  in  Figure  5,  fatigue  life  of  hot-cold 
forged  *1340  steel  components  was  several  times  that 
for  conventionally  heat-treated  components.  Similar 
improvements  were  noted  for  specimens  both  longitud¬ 
inal  and  tr"nsvorse  to  the  forging  direction. 

One  example  of  a  part  riiat  has  been  success¬ 
fully  hot-cold  forged  under  production  conditions 
is  shewn  in  Figure  6.  rho  figure  illustrates  the 
sequences  used  in  forging  an  engine  mount  from  the 
fillet  stage.  The  parts  were  hot-cold  forged  in 
the  finish-forging  operation. 

TABU:  3.  COMPARISON  BETWEEN  HOT-COLD 
WORKING  AND  AUS FORMING 


Hot-Cold  Working 


Aus forming 


Maximum  strengthening 

Moderate  forming 
forces 

Precise  process  con¬ 
trols 

Higher  alloys-- 
deep  bay 

Special  equipment 


Intermediate  strength¬ 
ening 

Low  forming  forces 

Practical  process  con¬ 
trols 

Lower  alloys 
Normal  equipment 

mam*.  *  •  *  jo-  **  —*—i .».  wa 


FIGURE  4.  EFFECT  OF  HOT-COLD  FORGING  OR  AUSFORGING 
BY  VARIOUS  REDUCTIONS  ON  nil:  TEMPERING 
RESPONSE  OF  4340  STEEL 


The  Battelle  research  also  indicated  that  the 
hot-cold  working  cycles  were  more  readily  controlled, 
partly  because  the  workability  of  the  steels  was 
better  at  the  hot-cold  working  temperature  than  at 
ausforging  temperatures.  At  typical  ausforging 
temperatures,  it  was  difficult  to  judge  the  work- 
piece  temperature  during  forging,  because  it  was  in 
the  black -heat  range.  A  knowledge  of  the  tempera¬ 
ture  is  important,  because  it  is  difficult  to  pre¬ 
dict  when  to  stop  forging  to  prevent  cracking 
caused  by  excessive  cooling  and  the  resulting  trans¬ 
formations.  Temperature  changes  occurring  during 
hot-cold  working  are  quite  visible,  hence  easier  to 
control . 

A  comparison  of  hot-cold  working  with  ausform- 
ing  is  presented  in  Table  3.  Whiie  it  is  true  that 
the  highest  possible  strengths  are  achievable 
through  ausforming,  the  need  for  precise  control  of 
both  time  and  temperature  will  continue  to  limit 
applications  of  ausforming  under  production  condi¬ 
tions. 

Another  advantage  of  hot-cold  working  cycles 
<  i'r  ausforming  is  that  the  ITT  curve  of  the  steel 
i».  1  not  have  a  very  deep  bay,  hence,  lower  cost 

al  \s  can  be  hot-cold  worked. 

Perhaps  tin'  most  attractive  features  of  the 
proev  mg  of  alloy  steels  with  IMT  are  improved 


Reduction  by  Hot-Cc'd  Forging,  percent 


FIGURI  S.  DVTA  SHOWING  Till  INFLl'ENCI  OF  PROCRLSSUT- 
LY  LARGER  HOT-COLD  FORGING  REDUCTIONS  ON 
III!  FATIGUE  LI  Ft  OF  1340  STI  LL 


FIGURE  0.  STEPS  IN  HIE  MANUFACTURE  OF  A  4340  STEEL 
ENGINE  MOUNT  BY  HOT-COLD  FORGING 


In  the  United  States,  several  current  programs 
are  aimed  at  applying  TMT  to  specific  steel  hardware 
components.  At  the  Ladish  Company,  for  example, 
several  36-inch-long  rib -and -web  forgings,  illus¬ 
trated  in  Figure  S,  have  been  hot -cold  forged  with 
some  success.  Of  particular  significance  in  that 
program  are  the  substantial  improvements  in  fatigue 
strength  being  obtained  in  reasonably  large  parts, 
as  shown  in  Figure  <>. 

The  hot-cold  forged  part  in  Figure  8  represents 
a  practical  limit  for  shape  complexity  of  TMT-pro- 
cessed  components . 

Reviews  of  the  literature  from  the  United 
Kingdom,  h'est  Germany,  Canada,  and  the  U.  S.  S.  it. 
indicate  that  TMT  research  in  those  countries  is 
producing  proyert)  improvements  in  steel  similar  to 
those  reported  in  the  United  States.  Some  of  the 
emphasis  on  tin.  foreign  programs  is  being  placed  on 
different  aspects  of  TMT;  nonetheless,  it  is  quite 
clear  that  so  much  data  already  exists  on  TMT  that 
almost  any  new  research  program  aimed  strictly  at 
collecting  fundamental  data  will  very  likely  dupli¬ 
cate  much  of  the  work  already  done. 


One  of  the  cycles  used  for  hot-cold  forging 
the  engine  mount  is  illustrated  in  Tigure  7,  wliiJi 
shows  that  all  deformation  was  done  at  the  hot-cold 
working  temperature.  Eventually,  the  first  two 
forging  steps  were  done  hot  (2150  F)  and  the  process 
still  provided  enough  deformation  at  about  1400  F 
to  obtain  the  improvements  in  strength  corresponding 
to  about  a  40  percent  reduction. 


Section  AA 

I  l CURL  S.  RII!  AND  IvEB  STRUCTURE  HOl-i.OLD  FORGED  AI 
LADISH 


TIRE — — 

HOURl  ’.  1LLUSIRMION  or  PROCISSING  STQUI.NCLS  USLP  IN  HOT-COLD  FORGING  OF  ENGINE  MOUNT 
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FIGURE  «).  COMPARISON  OF  REVERSED- 3h.\D  FAT  I  GUI. 

STRI.NGniS  OF  D6ac  WITH  VARIOUS  rMT 
CYCLES 


FORLCAST  FOR  THE  RMO'  IECI  IAN  I CA  L  TRI.ATMtN  ES 


The  normal  (without  TOT)  processing  of  some 
alloy  systems  routinely  incorporates  the  same  degree 
of  control  on  forming  temperatures  and  reductions 
'that  is  r-qu>  „>J  for  TMT  processes;  hence,  the  con¬ 
trol  requi  .ents  for  TOT  offer  no  real  ban  iers  to 
its  application. 

Hardware  development  pisgrams  are  becoming  in¬ 
creasingly  concerned  with  specific  improvements  in 
fatigue  strength  and  fracture  toughness  available 
from  HIT,  and  otu  may  expect  that  less  emphasis  will 
be  plated  on  the  capabilities  of  achieving  the  high¬ 
est  possible  hardness  with  TOT. 

Once  ■-»  few  applications  .have  been  proven  out 
for  relatively  small  hardware  items  (under  25  pounds), 
future  programs  will  be  aimed  at  applying  ,ME  to 
larger  parts.  If  tne  items  are  to  be  fabricated 
of  low-alloy  steels,  a  need  will  arise  for  alloy 
modifications  aimed  specifically  at  raising  the  aus¬ 
tenite1  recrystallization  temperature.  V  broader 
hot-cold  working  temperature  range  will  be  necessary 
so  that  the  larger  parts  ca.i  be  hot-cold  worked  with 
r-usonable  cycles.  Increasing  the  levels  of  silicon 
and  nickel  are  known  approaches  to  increasing  the 
austenite  recrystallisation  temperature  of  low-alloy 
steels.  Ferhaps  the  ideal  steel  for  hot-cold  working 
will  contain  the  basics  of  the  bu.ic  grade  but  with 
higher  levels  of  both  nickel  and  silicon. 

It  appear'  that  1*11  processes  will  continue  to 
bq  limited  in  application  by  important  difficulties 
with: 

(1)  Machining  the  hard  Pli  product 

(2)  Welding 

(5)  Achieving  uniform  def<  rvation  m  complex 
shapes . 

EMI -processed  alloys,  p irt icularlv  the  ' veejs,  are 
very  hard,  but  the  nonnecb an  ice  I  machining  methods 


I 

i 

for  metal  removal  provide  an  alternative  to  conven¬ 
tional  machimng. 

Welding  the  T.MF  product  removes  the  beneficial 
effects  of  the  TOT;  furthermore,  the  weld  zone  can¬ 
not  be  heat  treated  for  proper 'grain  refinement. 

Since  the  forming  forces  are  higher  and  the 
austenite  phase  is  actually  strain  hardening  during 
TOT  processing,  there  are  practical  limits  on  steel 
shapes  producible. 

It  would  be  inappropriate  to  conclude  that 
only  very  little  basic  research  needs  to  be  done 
on  TOT.  However,  so  much  research  has  been  done  to 
date,  it  seems  logical  that  ruture  developmental 
work  should  concentrate  on  evaluating  potential 
applications  of  TOT  against  a  framework  of  limita¬ 
tions  that  are  now  reasonably  well  identified. 

The  basic  sh?  s  that  are  amenable  to  TOT  are 
given  in  Table  4,  ,ch  also  gives  some  examples  of 
hardware  articles  iliat  could  be  prepared  from  them. 


TABLE  1.  POTENTIAL  APPLICATION'S  OF  TMT 


Basic  Shapes 

Extruded  tubing 
Forged  disks 
Rolled  or  forged  flats 
Rolled  or  extruded  shapes 
Forged  cups 

Rolled  rounds  or  squares 

'  \ 

Forged  blocker  shapes 


Articles 

'Small  bearing  races 
rurbine  wheels 
Leaf  springs 
Special  structurals 
Large  bearing  races 

lorsion-bar  springs 
Ball  bearings 
Special  tools 

\ir  frames 

3^—  ,  i-4  -  ftw.  4  --  i  .  -  /-*  s  4  --4F 


The  future  applications  of  TIT  will  depend 
largely  on  the  ingenuity  of  those  in  the  manufactur¬ 
ing  community  who  are  willing  to  capitalize  on  the 
benefits. 
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